arriving at the best overall cycle efficiencies. The importance of the efficiency characteristic of the steam turbine is emphasised and it is shown that this characteristic will determine the overall cycle efficiency. It is suggested that steam turbine manufacturers should design and develop steam turbines to match the advanced gas turbines available to-day and so enchance the overall efficiency which can presently be obtained from to-day's combined cycle. Market forces will tend to bring this about as evidenced by the growing interest being shown in this concept both in the UK and Europe.
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INTRODUCTION'
There is still plenty of scope for development in the application of the gas turbine as a prime mover and for many years to come it will provide a fruitful subject of study for mechanical engineers. The simplest form of gas turbine consists of compressor, combustion chamber and turbine proper which, with auxiliary equipment, comprises an independent, packaged power plant of high efficiency. Most gas turbines which have achieved practical success employ constant pressure combustion.
The quantity of air theoretically required for the complete combustion of 1 kg of fuel oil is about 1: kg but in the gas turbine over 100 kg of air may be provided for every kg of fuel oil burned.
The main reason for this is the need to limit the temperature of the combining gases so that the "creep strength"behaviour of the materials of construction which are in contact with the gases shall permit a degree of long life. For power stations a life of say 100,000 hours may be aimed at. In aircraft engines this requirement is of course relaxed. Industrial gas turbines at present operate on gas or liquid fuels. Liquid fuels can be naptha, kerosene, distillates, crudes or residual fuels.
With the currently increasing price levels and decreasing availability of oil it is obviously vitally important to use it in the most efficient way to generate power thus cutting overall consumption as far as possible. Hence the interest being shown in combining steam and gas turbines in combined cycles. 
COMBINED CYCLE
A combined cycle is a combination of two thermodynamic cycles operating through different temperature bands, normally with different working fluids. The combination of a high temperature cycle rejecting heat to a lower temperature cycle where it is used to produce further work gives a high overall combined cycle efficiency, with a total efficiency greater than the efficiency of each of the individual cycles.
The most commonly used combined cycle is the combination of a Joule (gas turbine) cycle as the high temperature cycle with a Rankine (steam) cycle as the bottoming cycle. This combined cycle has the prime advantage of offering a high thermal efficiency -the heat rejected by the Joule cycle is at a temperature readily used in the Rankine cycle -and of using readily available non-toxic working fluids. A schematic of the practical realisation of the combined cycle is shown in fig. 1 . The gas turbine is used as the heat source in a waste heat recovery boiler which produces steam for a steam turbine. A T-S diagram, fig. 2 , shows the heat transfer between two cycles and indicates the small magnitude of the ultimate heat losses in the combined cycle -the loss from the stack and the loss from the steam turbine condenser to atmosphere -and hence a high overall efficiency is achieved.
There is no supplementary firing in the waste heat recovery section and this gives what is known as the unfired cycle" and it is the simplest and most efficient of the combined cycles.
OPTIMUM GAS TURBINE
Assuming that there is no supplementary firing, the system diagram is as shown in fig. 3 . 
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By the 1st Law, for the gas turbine system over a period of time
The heat positively lost up the stack is
then from (4), Q x = Qg -Q z -Wg (4a) Combining (1) and (2) 
If it is assumed that the specific heat of the gas is constant, and that the mass flow of gas through the compressor and turbine is the same, and is equal to Mg during the period of time, then
and
where S is the specific work of the gas turbine g (in, for example, kJ/kg).
For the steam turbine, write Ws = Mg S s (8a)
Where SS is the specific work of the steam turbine in units of "energy per unit mass of gas passing through the gas turbine".
Putting (9) and (10) into (6) and manipulating:-
For best Carnot efficiency, the stack temperature should be reduced to as near air temperature as practicable.
In the limit, if T s = T a then (11) reduces to
For a given steam turbine efficiency and a constant gas turbine exhaust and stack temperature, the significant parameter in the combined cycle efficiency is seen to be the gas turbine specific work.
To illustrate a practical effect of this, the combined cycle efficiency was calculated for a series of gas turbines of fixed firing temperature but variable thermal efficiency i.e. variable pressure ratio. The stack temperature was calculated using a fixed "pinch point" and fixed pressure in the steam cycle. The temperature profile in the boiler is shown in fig. 4 . The "pinch point" is the interface between the steam and gas turbine cycle. As the turbine exhaust gases entering the boiler are cooled down the gas and water streams have their point of closest temperature approach -"pinch point" -at the gas exit from the evaporator. The closer the approach the more efficient the cycle. However if this is too close the heat transfer surface becomes too large and rapidly uneconomic. The steam cycle efficiency was taken as the theoretical cycle efficiency at the degree of superheat produced by the particular gas turbine exhaust temperature.
The results are plotted on fig._ and this shows the importance of a high specific work gas turbine. The combined cycle efficiency peak is displaced for the maximum specific work by the introduction of the various limitations inherent in the steam cycle calculations. These are covered more fully in the next section, but as a general rule it can be seen that a gas turbine with high specific work will provide high overall efficiency in a combined cycle.
WASTE HEAT RECOVERY BOILER
The performance of a waste heat recovery boiler in extracting the highest quantity of heat from the gas turbine exhaust gas is largely dependent on the heat transfer area in the boiler; the larger the heat transfer area the closer the approach to the exhaust gas temperature. With a fixed approach to the exhaust gas temperature in the superheater, and a fixed pinch point, the percentage of heat extracted from the exhaust flow and the percentage rejected to the stack are determined by the pressure level in the boiler. This is illustrated in fig.6 and covered in more detail in the following section. The overall performance of the boiler is therefore determined by the cost and space limitations set by any proposed boiler installation.
OPTIMUM STEAM CYCLE
The optimisation of the steam cycle thermodynamically is a compromise between obtaining the maximum enthalpy from the waste heat recovery boiler -this requires producing steam at low pressure -and obtaining the maximum Rankine Cycle efficiency which demands a high pressure.
Figs. 6 and 7 show the results of this compromise. Fig.8 shows the overall percentage of gas turbine exhaust energy which appears as work from the steam turbine. This theoretical curve however, takes no account of the steam turbine efficiency curves.
The steam turbine efficiency falls as pressure increases due to the increased leakage and parasitic losses and the increasing gland and mechanical losses. If this further efficiency variation is added, the result is as shown in fig.9 .
It can be seen that there is a precisely defined optimum pressure for the system. The efficiency variation of a particular steam turbine is therefore the main criterion for setting the optimum pressure level in the steam cycle. It is also important that the selected steam turbine should have a high overall efficiency. Wide variations in guaranteed specific steam consumptions have been noted viz, a 3.9 kg/KW.hr and 4.8 kg/KW.hr quoted for a similarly sized steam turbine at specified conditions from two different manufacturers, equivalent to a 23% increase in steam turbine power for a given steam flow.
The problem of balancing maximum enthalpy capture with an efficient steam cycle can be partially solved by the use of a multiple pressure cycle, producing steam at two or more pressures and utilising a pass-in steam turbine. The optimisation of a multiple pressure system is more complex but the prime parameter for deciding on the pressure level is still the efficiency versus pressure curve for the particular steam turbine to be used.
In practical terms account has to be taken of the increase in feed water quality required for steam systems operating at above 4 MPa and the increased cost of piping for a high pressure system. These principles have guided JBE in defining their range of SCOTSTAG combined cycle installations.
SCOTSTAG AND SPECIFIC WORK
The effect of the specific work on combined cycle can be related to the calculated combined cycle efficiencies for SCOTSTAG plant - Table I . The LM.2500 -an aero-derived unit -has been included for comparison purposes. Single pressure level has been assumed throughout. Fig.10 is a plot of the gas turbine specific work and efficiency, and shows that with the currently available industrial gas turbine firing temperatures, the pressure ratios are around the optimum (= 10) for maximising gas turbine specific work and hence combined cycle efficiency. Conversely when operating in simple cycle the compression ratios are below the optimum (= 24) for maximum gas turbine thermal efficiency.
It can be seen that there is good correlation between the specific work from the gas turbine and the combined cycle efficiency. The figures for the various JBE combined cycles are plotted on figs.11 and 12. These are net outputs with allowance being made for auxiliaries. The rather low SCOTSTAG 106 combined cycle efficiency is due to the fact that full advantage of the gas turbines high exhaust temperature has not been taken. This is being reviewed as part of an ongoing development programme.
ECONOMICS
The price of oil has rapidly increased since the oil crisis of 1973 compared with the general level of inflation. One result is that the annual running costs as a percentage of capital cost of a power generating system has escalated to the point where the payback times for a more expensive and more efficient generating system have become quite small. A computer program has been written in BASIC to compare the performance of a number of different installations of gas turbines and or combined cycle plants. The program inputs data regarding the capital cost, output power, thermal efficiency, fuel type, fuel costs, fuel cost inflation rate, operating hours per year, capital interest charges and period of loan and calculates the payback term by balancing the fuel cost savings against the total cost of the extra capital which has had to be borrowed. Typical print-outs figs.l3 and 14 show a comparison between an installation of three simple cycle gas turbines versus a twin combined cycle installation. Realistic prices are input and the payback times have been plotted on fig.15 against annual operating hours. These are very short periods and indicates the premium that will be put on high efficiency as fuel prices climb upwards ever more rapidly CONCLUSIONS It is hoped that this paper has shown that to achieve the best from the combined cycle configuration we should aim for the highest gas turbine specific work. Also that the governing factor on the steam side is the actual efficiency characteristic of the steam turbine and that this characteristic will determine the optimum pressure for each application.
While gas turbine heat recovery applications are not new, the gas turbine itself is evolving rapidly and this advancing technology has to be efficiently coupled to a steam turbine technology which has remained substantially static over the last 20 years or so. Very few steam turbine manufacturers are prepared to design and develop a turbine to match the combined cycle requirements.
There is at present in the UK a great deal of interest being shown in integrating the combined cycle with coal gasification systems and fluidised bed combustion but it is suggested that this is happening only because the combined cycle has now been accepted as a reliable means of power generation at efficiencies greater than can be achieved by the more conventional steam stations. Boilet Outlet Pressure MPa ESTIMATED PAYPPCK PEPIOD 2.58333 YPS FIGURE 14
